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Introduction
Conformational integrity of therapeutic proteins encounters numerous challenges from manufacturing through eventual injection in intended patient which include exposure to various interfaces (air-liquid, liquid-liquid, and liquid-solid). Many processes such as filtration, 1 storage, 2 freeze-thaw, 3 vial filling, 4 agitation, 5 lyophilization, 6 and final injection 7 expose therapeutic proteins to denaturing interfaces resulting in significant protein aggregation. One strategy to minimize interface-induced protein aggregation is to include polysorbates, such as polysorbate 20 (PS20; Fig. 1a ) or polysorbate 80 (PS80; Fig. 1b ) in protein formulations. Polysorbates are a class of nonionic detergents that protect biotherapeutics against destabilizing environments at various interfaces. [8] [9] [10] [11] [12] [13] Owing to large fatty acid aliphatic chains, critical micelle concentration (CMC) for polysorbates, which is the maximum concentration of monomeric polysorbate available in solution, is very low. The approximate CMC values for PS20 and PS80 are 55 mM and 13 mM, respectively. 14, 15 Increased hydrophobicity of longer fatty acid (monooleate vs. monolaureate) underlies the lower CMC of PS80 (13 mM or 0.001% w/v) when compared with PS20 (CMC ¼ 55 mM or 0.006% w/v). Therapeutic protein formulations contain polysorbates in the range of 0.003%-0.8% w/v, [16] [17] [18] for example, Humira (adalimumab) contains 0.1% w/v PS80, 17 Raptiva (efalizumab) contains 0.2% PS20, 17 and Tecentriq (atezolizumab) contains 0.8% w/v PS20 (https://www.accessdata.fda.gov/drugsatfda_docs/ label/2016/761034s000lbl.pdf). Although the protection of protein biotherapeutics by polysorbates against interface-induced aggregation is well documented in literature, [8] [9] [10] [11] the mechanism by which polysorbates interact with proteins is less understood. Monoclonal antibodies (mAbs) constitute a major class of therapeutic drugs, and their market share is growing at an ever increasing pace. 19 Polysorbates are integral to mAb formulations to protect against interface-induced aggregation. 20 Therefore, a fundamental understanding of how polysorbates interact with mAbs is becoming increasingly important, in particular, do polysorbates bind to mAbs, how strong is the binding, the effect of binding on the structure and stability of mAb, and whether the mechanism by which polysorbates protect proteins against aggregation is through increasing the conformational stability of proteins. Because of their hydrophobic nature, polysorbates can bind to the hydrophobic regions in proteins. Such binding can result in either stabilization against aggregation or lead to unfolding and induce instability. This work answered some of these questions by probing how the most commonly used polysorbates PS20 and PS80 interact with a mAb of IgG1 class (obtained from Pfizer Inc.) and its isolated antigen-binding (Fab) and crystallizable (Fc) fragments using 2D nuclear magnetic resonance (NMR) spectroscopy in combination with other biophysical tools. Full mAb (IgG1) is composed of 2 light chains and 2 heavy chains linked by disulfide bonds (Fig. 1c) . Each light chain is composed of 2 domains (V L and C L ), and each heavy chain is composed of 4 domains (V H, C H 1, C H 2, and C H 3). Fab region, which binds to antigen, is composed of a light chain (V L and C L ) and the N-terminal half of a heavy chain (V H, C H 1). Fc is composed of C-terminal halves of the 2 heavy chains, each having C H 2, C H 3 domains. 21, 22 Experimental results presented here indicate that PS20 and PS80 affect specifically the structure and stability of the Fab region of this mAb compared to its Fc region. Both PS20 and PS80 protect mAb, and its Fab and Fc fragments against agitation-induced aggregation. Compared to PS20, binding of PS80 causes lesser conformational changes in mAb and offers higher protection against agitation-induced aggregation, suggesting PS80 to be the choice of surfactant in formulating the mAb studied here.
Materials and Methods

Materials
Monoclonal antibody (mAb-IgG1) was provided by Pfizer Inc. (New York City, NY) and received at a concentration of 20 mg/mL in 20 mM histidine, pH 5.5 buffer with no polysorbate (histidine buffer). Fab and Fc regions were produced by cleaving the mAb with papain protease and purified using ion-exchange chromatography by Pfizer. High purity PS20 (TWEEN 20 HP-LQ- [MH] , Product Code SD40271) and PS80 (TWEEN 80 HP-LQ- [MH] ; Product Code SD43361) were obtained from Croda (Edison, NJ). To avoid oxidation with time, freshly purchased polysorbates were aliquoted into 0.5 mL each in amber glass vials topped with nitrogen gas. Each vial was used only once during the experiments, and the remaining amount in the glass vial was discarded. All other chemicals were of reagent grade or higher and purchased from Fisher Scientific (Pittsburgh, PA).
Agitation-Induced Particle Counting
Protein samples (1 mM without and with 2 mM polysorbates) in histidine buffer (20 mM histidine, pH 5.5) or phosphate buffer (20 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 5.8 or 8.0) were used for this study. Samples (in triplicate) were agitated at 37 C for 16 h using orbital shaker (200 rpm). Fluid Imaging Technologies Benchtop FlowCAM ® (Scarborough, ME) was used for counting particles between 1 and 10 mm (equivalent spherical diameter). The FlowCAM was fitted 
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Particle Diameter (μm) with a QCFC300 flow cell, 10Â objective lens, and 10Â collimator.
A volume of 300 mL was analyzed for each sample at a flow rate of 80 mL/min. Quiescent protein samples without and with polysorbates were used as controls.
Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were conducted using MicroCal ITC200 (Malvern, Malvern, UK) at 5 C. mAb at a concentration of 20 mg/mL in histidine buffer was titrated with 10 mM polysorbates. Except for the first injection (0.2 mL), injection volume for the remaining 12 injections was 3 mL each. Each injection duration was 6 s, and spacing between individual injections was 300 s. Blank ITC thermograms (titration of polysorbate into histidine buffer without mAb) were recorded under similar conditions and subtracted from mAb-polysorbate binding thermograms. Data were analyzed using ORIGIN ® software provided with the instrument. Respective blank-subtracted curves were fitted using single set multiple site model to calculate the dissociation constant (K d ).
Raman Spectroscopy mAb at 18 mg/mL was used without and with polysorbates for recording Raman scattering using a Zetasizer-Nano equipped with Raman RXN System (Malvern, UK). Each spectrum was recorded with 20 s/transient and 50 transients were averaged to enhance the signal-to-noise ratio. Raman spectra of respective blanks (buffer without mAb) were recorded under identical settings and data were analyzed using Helix ® software provided with the instrument.
Near-UV Circular Dichroism Spectroscopy mAb at 18 mg/mL was used without and with polysorbates for recording near-UV circular dichroism (CD) spectra on a Chirascan Plus spectrometer (Applied Photophysics, Leatherhead, UK) at 25 C. Recorded spectral wavelength range was from 250 to 350 nm with 2 nm band width, 1 s signal averaging, and a step size of 1 nm.
Analytical Ultracentrifugation
Protein samples (1 mg/mL mAb in histidine buffer without and with polysorbates) were subjected to sedimentation velocity analytical ultracentrifugation (SV-AUC) experiment on a Beckman XL-A analytical centrifuge at 25 C. Two hundred scans were recorded at 42,000 rpm. Protein absorbance at 280 nm was used to monitor the radially outward shift in the meniscus. Density and viscosity of the solutions were estimated using SEDNTERP. SV-AUC data were fitted using continuous sedimentation distribution model with SEDFIT software.
Size-Exclusion Chromatography
Protein samples (20 mg/mL without and with polysorbates) were incubated at 50 C for 20 h and subjected to size-exclusion chromatography (SEC) using Agilent-1100 HPLC equipped with autosampler. Absorbance at 280 nm was monitored to record the elution profile of protein through TskGel G3000sw column. Also, 100 mM sodium phosphate and 100 mM sodium sulfate at pH 6.8 were used as the mobile phase with a flow rate of 1 mL/min.
2D NMR Spectroscopy
Protein samples were exchanged into deuterated histidine buffer (20 pulse sequence from VNMRJ 4.0 Biopack was used for recording the NMR spectra after optimizing the required parameters. Spectra were collected with a spectral width of 14,044.9 Hz in 1 H dimension and 7239.06 Hz in 13 C dimension. Number of transients in the second dimension was 128. Raw data (FID) were processed using NMRPipe software with zero filling to twice the real points, solvent filtered, apodized using SP (Sine-bell), GMB (Gaussian), and Poly (baseline correction) function. Changes in chemical shifts and peak volumes were analyzed using NMRPipe.
Chemical Denaturation Melts
For denaturation melts of the mAb, Fab, and Fc, 1 mM protein in histidine buffer (pH 5.5) was used. Guanidinium chloride (GdmCl) was used as the denaturant. Protein samples were prepared at varying GdmCl concentrations and equilibrated for 1 h. Changes in the intrinsic protein fluorescence of aromatic amino acids (excitation at 280 nm, emission at 355 nm) were monitored as a function of increasing GdmCl concentration. 
Differential Scanning Calorimetry
Excess heat thermograms for thermal denaturation of mAb, Fab, and Fc were recorded using MicroCal VP-Capillary DSC equipped with an autosampler in either histidine buffer or phosphate buffer. Protein concentration was 0.5 mg/mL. Thermograms were recorded from 25 C to 100 C with a thermal ramp of 90 C/h. Thermograms of respective blanks (buffer without protein) were recorded under identical settings. ORIGIN ® analysis software provided with the instrument was used to analyze protein denaturation thermograms.
Results
PS20 and PS80 Protect mAb Against Agitation-Induced Aggregation
mAb (without and with PS20 or PS80) was subjected to overnight agitation at 37 C and the number of microparticles was counted using FlowCAM. Number of particles (>1 mm) was significantly reduced by~100 times in the presence of PS20 when compared with no polysorbate in the solution (Fig. 1d) . With PS80, the number of microparticles were much less compared to PS20, indicating that PS80 provided better protection against agitationinduced aggregation. Number of particles were less than 30 for quiescent samples (inset of Fig. 1d ). These particle data clearly show that both polysorbates PS20 and PS80 protect mAb against agitation-induced aggregation.
PS20 and PS80 Bind to mAb With a Submillimolar K d
ITC was used for measuring binding. PS20 or PS80 was titrated with mAb in small successive installments, thereby saturating the binding sites on the protein. 23 The heat transfer data associated with ligand binding was fitted to obtain the K d and the reaction stoichiometry (N) ( . The lesser number of binding sites for PS80 compared to PS20 might be due to its larger hydrophobic group (oleate) and a kink in the aliphatic sidechain because of cis-double bond causing more stearic hindrance when compared with PS20 (monolaurate). The above K d values were obtained using the total polysorbate concentration used for isothermal titration. However, polysorbates exist as monomers as well as micelles in solution. Previously published data suggest that proteins do not bind to polysorbate micelles because of the hydrophilic nature of the micelle surface. 24 Therefore, if K d values were to be calculated based on the available monomer concentration, the true K d values would be much lower than the above estimated K d values from ITC measurements. The specific binding of proteins to polysorbate monomers could also partly explain the previously observed increase in the apparent CMC of polysorbates in the presence of proteins, 25 because the presence of proteins depletes the concentration of free monomers available for micelle formation by binding to the monomeric form of polysorbates.
PS20 and PS80 Perturb the Tertiary Structure of mAb, but Not Its Secondary Structure
Raman scattering and near-UV CD were used for measuring the effect of polysorbates on the secondary and tertiary structures of mAb, respectively. Far-UV CD could not be used for these samples because histidine present in the buffer significantly absorbs in this wavelength range. Amide I region in the Raman spectrum is sensitive to changes in the secondary structure of a protein. 26 Antibodies exhibit a Raman amide I band at 1674 cm À1 characteristic of their b-structure (Fig. 3a) . 26 Addition of polysorbates did not cause significant changes in the Raman spectrum, indicating that PS20 or PS80 did not perturb the secondary structure of mAb. Near-UV CD is a highly sensitive method to evaluate the impact of various buffers and processes on the tertiary structure of biotherapeutic proteins. 24, 27 Binding of polysorbates caused significant changes in the near-UV CD spectrum (Fig. 3b) , indicating that the PS20 and PS80 affected the tertiary structure of mAb. Figure 3b shows the triplicate data for each experimental condition to indicate the statistical significance of the changes in spectra with the addition of polysorbates. Quantitative spectral similarity was compared using the weighted spectral difference (WSD) parameter described earlier. 28 Spectral variation between samples under different solution conditions (WSD ¼ 61% for PS20 and WSD ¼ 12% for PS80, with respect to the control sample with no polysorbates) is much higher than the spectral variation between different samples under identical solution conditions (WSD <5%). Near-UV CD measures chirality of the structural environment around the sidechains of aromatic amino acids (Phe, Tyr, and Trp). Changes in the intensity and spectral pattern around 295 nm indicate that the environment around tryptophan residues is altered upon the addition of polysorbates. Although the pattern of spectral region around 260 nm is similar, the intensity is significantly changed upon the addition of polysorbates, which is indicative of the tertiary structural changes around tyrosines and phenylalanine residues as well. Furthermore, mAb tertiary structure perturbation is more pronounced in the case of PS20 compared to PS80, which is consistent with the higher binding affinity and stoichiometry of PS20 when measured by ITC (Fig. 2) . It was further confirmed that the above changes in the tertiary structure of mAb upon the addition of polysorbates is not due to oligomerization. Both AUC (Fig. 3c) and SEC (Fig. 3d) showed that the mAb was a monomer in the absence and in the presence of polysorbates. These AUC and SEC data also indicated the purity of mAb samples received from Pfizer. The small peak observed around the retention time of 11 min in the SEC chromatogram is from the histidine present in the buffer.
The effect of polysorbates on the tertiary structure of mAb has also been observed in its partial unfolding with no effect on its global unfolding (Fig. 3e) . The new tertiary structure that is formed in the presence of polysorbates unfolds at lower temperatures compared to global unfolding at higher temperatures, as indicated by the appearance of sloped native baseline in the presence of polysorbates (Fig. 3e) . Sloped baselines in thermal melts can originate either from the presence of partially unfolded states or because the signal of the native state changes as a function of solution temperature. [29] [30] [31] [32] Because sloped native baseline was not observed in the absence of polysorbates, the sloped baselines in the presence of polysorbates can be attributed solely to the presence of partially unfolded states. 32 Compared to the effect of polysorbates on partial protein unfolding, polysorbates did not significantly affect the global unfolding of mAb, as evident from minimal changes in the midpoint temperature of the main transition (close to 66 C) in the near-UV CD thermal melts (Fig. 3e ).
PS20 and PS80 Specifically Perturb the Tertiary Structure of Fab Region When Compared to the Fc Region
The main goal of this project was to determine which specific regions in the mAb interact with the polysorbates. Because of the unique papain protease site in the mAb structure (Fig. 1c) , Fab and Fc regions can be individually examined. Pfizer provided us the purified Fab and Fc fragments after papain proteolysis. Changes in the tertiary structure of the Fab and Fc fragments upon the addition of polysorbates were monitored using near-UV CD in the presence of 2 mM PS20 or PS80. The 2 mM (0.25% w/v PS20 or 0.26% w/v PS80) concentration used in this study is within the concentration range (<0.8% w/v) used in current protein antibody formulations 16, 17 (https://www.accessdata.fda.gov/drugsatfda_ docs/label/2016/761034s000lbl.pdf). Near-UV CD spectra of the Fab region was significantly altered in the presence of polysorbates (Fig. 4a) . These spectral differences observed upon the addition of polysorbates were statistically significant as evident from the triplicate data sets shown for each experimental condition. The differences in the near-UV CD spectra for the 3 different conditions (without polysorbates, with PS20, and with PS80) are significantly higher (WSD ¼ 76% for PS20 and WSD ¼ 37% for PS80, with respect to the control sample with no polysorbates) compared to the spectral differences in the triplicate data for each experimental condition (WSD <5%). In comparison, no significant changes were observed in the near-UV CD spectra of the Fc region upon the addition of polysorbates (WSD <5%) (Fig. 4b) . These spectral changes clearly indicate that both PS20 and PS80 interact preferentially with the Fab region compared to the Fc region. Furthermore, the degree of alteration in the near-UV CD spectra was more pronounced in the case of PS20 when compared with PS80, which is consistent with the higher affinity and stoichiometry of PS20 binding to the mAb compared to PS80 (Fig. 2) . Under these experimental conditions, both Fab and Fc are monomers as indicated by SEC (Figs. 4c and 4d) . 2D NMR spectroscopy provides high-resolution site-specific structural information that can be used to probe the effect of polysorbates on local protein regions of mAb. In general, proteins need to be labeled with NMR-sensitive nuclei such as 15 N or 13 C for increased resolution and sensitivity. Alternatively, 2D NMR spectra can be recorded at the natural abundance of NMR isotopes. Because the tumbling rate of the molecule. 33 However, owing to the large size of mAb (~150 kDa), its 2D methyl spectrum is crowded with many overlapping crosspeaks ( Supplementary Fig. S1 ). Because our goal was to determine which specific antibody regions interact with polysorbates, 2D methyl NMR spectra of isolated Fab and Fc fragments were recorded. Owing to the reduced molecular size for each fragment (~50 kDa, one-third of the intact mAb), methyl 2D NMR spectra were obtained with reasonable peak dispersion for In both panels (a) and (b), black, red, and green curves correspond to that of mAb, Fab, and Fc, respectively. (c-e) Effect of polysorbates on the DSC thermograms of mAb, Fab, and Fc, respectively. In these 3 panels, black, red, and green curves represent the data in the absence of polysorbates, with PS20, and with PS80, respectively.
both Fab and Fc fragments ( Supplementary Fig. S1 ). More importantly, combined NMR spectra of isolated Fab and Fc regions were similar to those of the intact mAb, implying that the isolated Fab and Fc fragments retain similar structures as that in the full-length mAb.
PS20 and PS80 Predominantly Affect the Fab Region When Compared to the Fc
Fab and Fc fragments were titrated with PS20 or PS80 (0, 0.2, and 2 mM), and the changes in 2D 13 C-1 H methyl NMR spectra were shown in Figures 5 and 6 . These NMR experiments were performed at 50 C. Increasing the solution temperature from 5 C to 50 C decreases the CMC of polysorbates (from 90 to 48 mM [1.9 times] for PS20, and from 36 to 12 mM [3 times] for PS80). 34 Because CMC defines the maximum monomer concentration possible at equilibrium under micelle-forming conditions and because CMC decreases with temperature, the K d values at 50 C will be higher than those measured by ITC at 5 C, 35 which implies that the polysorbate-bound protein population will be lower at 50 C under NMR conditions compared to that at 5 C. Even with such decreased population of polysorbate-bound conformation of mAb, significant effects of PS20 and PS80 on mAb NMR were observed. When compared to the Fc, the NMR crosspeak volumes of Fab showed a significant decrease upon the addition of either PS20 (Figs. 5b vs. 5d) or PS80 (Figs. 6b vs. 6d ). The decrease in NMR crosspeak volumes of Fab upon the addition of polysorbates was not an artifact of the NMR experiment or data processing, as similar decrease was not seen in the case of Fc with identical protocols. Most changes in the NMR crosspeak volumes of the Fc were random and were within the errors associated with NMR data processing and peak picking (<10%). In that sense, Fc acts as a control for Fab in NMR experiments. These results imply that PS20 and PS80 predominantly affect the Fab region compared to the Fc region. Decrease in NMR crosspeak volumes of Fab can be because of 5 possible reasons: (1) increase in solution viscosity upon the addition of polysorbates; (2) increase in the molecular size of Fab upon polysorbate binding; (3) irreversible protein aggregation upon the addition of polysorbates decreasing the monomer Fab concentration in solution; (4) formation of transient interactions between Fab monomers; and (5) increased protein dynamics in the presence of polysorbates. Addition of 2 mM polysorbates, which correspond to 0.25% w/v PS20 or 0.26% w/v PS80, does not increase solution viscosity. 36 Furthermore, Fc did not show decrease in crosspeak volumes with the addition of polysorbates, indicating that the observed phenomenon is specific to Fab and is not due to the changes in solvent properties. However, specific binding of polysorbates to Fab can cause an increase in microviscosity around Fab, whose effect cannot be completely ruled out. Increase in Fab size upon binding to polysorbates can be ruled out, because only a fewer number of polysorbate molecules (6 in the case of PS20 and 3 in the case of PS80) bind to mAb. No visible aggregates were observed in the NMR sample tube after the completion of the NMR experiments. In addition, the SEC chromatogram showed no oligomeric species ( Supplementary Fig. S2 ), indicating the absence of irreversible protein aggregation. However, the presence of transient oligomer formation during the NMR experiments resulting in a decrease in NMR peak volumes cannot be completely ruled out. Increased protein dynamics 30, [37] [38] [39] [40] in the presence of polysorbates populating an ensemble of conformations with the average conformation close to that in the absence of polysorbates can also lead to decreased crosspeak volumes. In addition, the pattern of the volume decrease is not uniform across all the crosspeaks, indicating varying protein dynamics in various regions of the protein. Nonetheless, irrespective of the origin of the decrease in crosspeak volumes, the fact that changes were observed only in the case of Fab, but not in Fc, indicates that polysorbates affect predominantly the Fab region compared to the Fc region. In addition to the decrease in NMR crosspeak volumes, additional effect was observed in the case of PS20. Some of the Fab crosspeaks showed a clear change in their chemical shift positions (as indicated by the black arrows in Fig. 5a and in Supplementary  Figs. S3a and S3b) , whereas no such changes were observed in the case of Fc (Fig. 5c ) or in the presence of PS80 (Figs. 6a, 6c , and in Supplementary Figs. S3c and S3d). These peak shifts indicate a conformational change in the case of Fab with PS20, compared to Fab with PS80, or the Fc region with PS20 or PS80. This is quite consistent with the near-UV CD results which show significant structural changes in the Fab with the addition of PS20 (Fig. 4a) , but not in Fc (Fig. 4b) .
Note that the near-UV CD (Fig. 4) and 2D 13 C-1 H methyl NMR (Figs. 5 and 6 ) measure the effect of polysorbate binding on different levels of tertiary structure of proteins. Near-UV CD monitors the tertiary structure around the sidechains of aromatic amino acids (Phe, Tyr, and Trp), whereas the methyl NMR monitors the tertiary structure around the methyl sidechains of 6 amino acids (Ala, Val, Met, Thr, Leu, and Ile) which constitute the hydrophobic core of the protein.
Polysorbates Predominantly Affect the Fab Region Because of Its Lesser Thermodynamic Stability Compared to the Fc
Both Fab and Fc regions contain hydrophobic residues; however, predominant effect of polysorbates has been observed only on the structure of Fab (Figs. 4-6 ). Possible explanation underlying this differential effect of polysorbates is in the intrinsic thermodynamic stabilities of Fab and Fc regions. Thermodynamically lesser stable domain is more vulnerable to structural perturbations, because of its increased vulnerability to partial unfolding, compared to a more stable domain. [37] [38] [39] 41, 42 When the stabilities of the Fab and Fc regions were measured using chemical denaturant melts with GdmCl as the denaturant (Fig. 7a) , Fab melted at a lower denaturant concentration compared to the Fc region, indicating that Fab is less stable than Fc. Being less stable, Fab is more prone to increased unfolding populating partially unfolded states with exposed hydrophobic residues to which polysorbates can bind, compared to the Fc region. The lesser stability of Fab with respect to the Fc region might be because of its variable domain. Fab contains 1 variable and 1 constant domain, whereas Fc contains 2 constant domains. Recent studies have shown that the constant domains in multiple IgG1-mAbs have similar stability, and the difference in stabilities of mAbs can be accounted by the varying stabilities of variable domains. 43 Compared to the denaturant melts, differential scanning calorimetry (DSC) can detect the unfolding of individual domains, because of the intrinsic differences in their heat capacities. 43 DSC thermograms of the mAb, Fab, and Fc used in this study (Fig. 7b) indicate that the lesser stability of Fab compared to Fc is due to the decreased stability of its variable domain, which unfolds at lower temperatures around 62 C compared to the constant domain of Fab or the 2 constant domains of Fc. This speculation that Fab is less stable because of its variable domain needs to be further confirmed by studying the properties of individual domains or obtaining highresolution structural and stability data on intact mAb and its Fab and Fc fragments. It is interesting to note that mAbs can sometimes show changes in the structure and dynamics of constant domains with variations in the complementarity-determining regions of variable domains, 44 and the conformational changes can be propagated over long distances in the mAb structure. 45 However, our observation that the T m values of individual peaks in the DSC thermogram of intact mAb closely correspond to the T m values of individual peaks in the thermograms of isolated Fab and Fc (Fig. 7b) indicates that the Fab and Fc of this mAb might have similar stability as that in the intact mAb.
Polysorbates Do Not Significantly Affect the Global Stability of mAb and Its Fab and Fc Regions
DSC was used to measure the effect of polysorbates on the global stabilities of mAb and its individual domains. DSC thermograms of mAb and its Fab and Fc fragments were similar in the absence and presence of polysorbates (Figs. 7c-7e) , implying that the presence of polysorbates did not significantly affect the overall stability of mAb, Fab, and Fc. This is also consistent with the near-UV CD results (Fig. 3e) , which showed minimal effect of polysorbates on the global unfolding transition. Similar conclusions were drawn earlier where DSC was unable to detect the effect of polysorbates on the structural stabilities of local protein regions in mAbs. 35, 46 Despite lower thermodynamic stability, Fab aggregates lesser than that of Fc. Chemical denaturation melts and DSC thermograms showed that the Fab region has lower thermodynamic stability than that of Fc (Figs. 7a and 7b ). How this difference in conformational stability translates into the aggregation propensity of Fab and Fc regions was further probed (Fig. 8) . Upon overnight agitation at 37 C, Fc aggregated to a higher extent than that of Fab (Fig. 8a) . Similar to mAb (Fig. 1d) , both PS20 and PS80 protected Fab and Fc from agitation-induced aggregation (Figs. 8b and 8c) . However, the extent of protection by PS20 or PS80 against protein aggregation is lesser for Fab compared to Fc. This can be understood as follows. Both PS20 and PS80 protect proteins against interface-induced aggregation by competing with proteins for interfaces. However, because PS20 and PS80 interact specifically with Fab causing its unfolding (Figs. 4-6) , Fab is more prone to aggregation compared to Fc. Therefore, the observed effect of PS20 and PS80 on Fab aggregation (Fig. 8b) is the sum of decreased aggregation at interfaces and increased aggregation because of decreased conformational stability, whereas in the case of Fc, the effect of PS20 and PS80 is just the decreased aggregation at interfaces. This might be the reason why less protection was observed in the case of Fab compared to Fc.
In addition, Fab aggregating lesser than that of Fc in the absence of PS20 or PS80 despite its lower conformational stability implies that additional physical parameters contribute to the aggregation of Fab and Fc. In addition to conformational stability, colloidal stability, although relatively less appreciated, plays a big role in protein aggregation. 47, 48 To a large extent, electrostatic interactions between individual protein molecules resulting from the net surface charge distribution determine the colloidal stability. This is one reason why many proteins do not aggregate at pH values far away from their pI. Theoretical pI values for the Fab and Fc regions used in this study are 8.8 and 6.6, respectively. Because formulation pH was 5.5 (histidine buffer), Fab is 3.3 units below its pI, whereas Fc is 1.1 units below its pI. These values imply that Fab is relatively highly positively charged compared to Fc, resulting in higher intermolecular repulsions leading to less aggregation. To test the role of colloidal stability in Fab aggregation, aggregation of Fab at 2 different solution pHs (5.8 and 8.0; phosphate buffer) was examined. Both these pHs were below the theoretical pI for the Fab region. Fab aggregation was higher at pH 8.0, closer to its pI of 8.8, compared to pH 5.8 (Fig. 8d) . The conformational stability of Fab at these 2 pH values was measured using far-UV CD thermal denaturation melts (Fig. 8e) . With increase in solution temperature, far-UV CD signal initially decreased followed by an increase. Comparing these changes in the far-UV CD signal with the DSC results, the first transition during which the far-UV CD signal decreased can be attributable to structure unfolding. Turbidity was also measured simultaneously to probe the Fab aggregation at the 2 pH values. The second transition observed in the far-UV CD measurements during which the signal increased matched with that of the turbidity measurements, implying that the second transition in far-UV CD corresponds to the Fab aggregation. Comparing the first transition that corresponds to structural unfolding (Fig. 8e) , Fab had lower onset temperature (T onset ) of denaturation at pH 5.8 compared to the T onset at pH 8.0. Comparing the second transition that corresponds to Fab aggregation (Fig. 8e) , Fab aggregated at lower temperatures at pH 8.0 compared to pH 5.8. These results imply that despite exhibiting lower T onset for conformational changes at pH 5.8, Fab aggregates less at pH 5.8 compared to pH 8.0, indicating that the colloidal stability is playing a major role in Fab aggregation. These results are quite consistent with recent studies which indicated that the colloidal stability can account for the lack of a clear relationship between the conformational stability and aggregation of mAbs. 49, 50 To probe which domain of the Fab is affected by the pH change, it was subjected to DSC analysis at pH 5.8 and 8.0. Thermogram for Fab at pH 5.8 exhibited 2 peaks (solid black line in Fig. 8f ). As discussed above, first peak at lower temperatures corresponds to the variable domain, whereas the second peak corresponds to the constant domain. 43 However, at pH 8.0, DSC thermogram exhibited a single peak (solid red line in Fig. 8f ). Because this single peak constitutes the unfolding of both the variable and constant domain, it could not be satisfactorily fitted into a 2-state single T m transition. This single DSC peak at pH 8 was satisfactorily deconvoluted into 2 peaks (broken red line in Fig. 8f ). After deconvolution, a comparison of T m values clearly shows that a change in pH from 5.8 to 8.0 increases the stability of the variable domain.
Discussion
Polysorbates such as PS20 and PS80 are integral to antibody and other protein-based formulations to prevent protein aggregation at interfaces. 16 Proteins are polymers composed of various hydrophilic and hydrophobic amino acids with diverse chemical side chain moieties and therefore are highly surface-active compounds. 51 This causes a quick adsorption of protein molecules at the interfaces, which leads to their denaturation and aggregation. [51] [52] [53] Polysorbates being amphiphilic, compete with proteins for the interfaces and protect proteins from interface-induced aggregation. [54] [55] [56] [57] [58] [59] [60] [61] Alternatively, polysorbates can also bind to exposed hydrophobic patches on proteins, thereby reducing the propensity of hydrophobic interactions among protein molecules leading to less aggregation. 9, 11, 24, [62] [63] [64] [65] However, the specific nature of these polysorbate-protein interactions has not yet been clearly demonstrated, in particular, whether polysorbates bind to mAbs, how strong is the binding, the effect of binding on the structure and stability of mAb, and whether the binding affects local or global protein structure. In this article, an attempt has been made to address these questions on a mAb that is under drug development by Pfizer. First, it was confirmed that both PS20 and PS80 protect mAb against agitation-induced aggregation (Fig. 1d) . ITC data showed that both polysorbates bind to the mAb with K d in the range of hundreds of micromolar (Fig. 2) , which are in the range of polysorbate concentrations used in protein formulations. Similar attempts have been made previously on 2 mAbs to determine their binding affinity to polysorbates. 24, 35 The K d values were in the order of 1-10 mM, implying that the binding affinity of polysorbates to mAbs may depend on the nature of mAb. Binding of polysorbates to mAbs is not very surprising; other nonionic surfactants used in mAb formulations have been shown to bind to mAbs with a micromolar affinity. 66 In our case, Raman scattering showed that binding of polysorbates has no impact on the secondary structure of mAb (Fig. 3a) . On the contrary, polysorbates significantly affect the tertiary structure of mAb as indicated by the near UV-CD spectroscopy (Fig. 3b) . Such changes in near-UV CD spectra upon polysorbate binding has been observed earlier in darbepoetin alfa. 24 Ours is the first study on using near-UV CD to determine the effect of polysorbates on the structure of a mAb. Although it can be argued how these spectral changes reflect the changes in the mAb structure, near-UV CD spectra have been shown to be very useful in determining the effect of polysorbates on the tertiary structure of proteins (both in the case of darbepoetin alfa 24 and the mAb studied here). In addition to tertiary structural changes, binding of polysorbates affected the partial unfolding of local protein regions rather than the global unfolding of the entire mAb (Fig. 3e) . To determine which region of mAb binds to polysorbates, isolated Fab and Fc regions were subjected to similar experiments. Near-UV CD of Fab and Fc indicated that polysorbates preferentially interact with the Fab region leading to structural changes, with relatively no effect on the Fc (Figs. 4a and  4b ). To further confirm the near-UV CD results that polysorbates affect the local protein structures rather than the global protein structure, isolated Fab and Fc regions were subjected to 2D NMR spectroscopy of amino acid sidechain methyl groups. Application of NMR techniques to study antibodies has been feasible only recently. 33, 67 Overall chemical shift pattern of the Fab remained the same with the addition of polysorbates except a few crosspeaks clearly showing chemical shift changes (Figs. 5a, 6a , and Supplementary Fig. S3 ), indicating that polysorbates affect the structure of local protein regions rather than the global structure of Fab. In contrary to Fab, no changes were observed in the crosspeak pattern or the chemical shifts of Fc with the addition of polysorbates. Using chemical denaturation melts and DSC, an attempt was made to address why the effect of polysorbates was restricted to Fab leaving Fc unaffected. Fab of the mAb studied here is less stable than its Fc (Fig. 7a) . Compared to Fc, lesser stable Fab will have increased population of partially unfolded states with hydrophobic residues exposed to solvent, which can interact with polysorbates. Similar observations were made in our earlier studies where the least stable region of a protein has been shown to be affected most by the excipients used in protein formulations. [37] [38] [39] 41 The lesser stability of Fab is due to its variable domain (Fig. 7b) . Because mAb used in this study is an IgG1, its DSC thermogram was compared with the published thermograms of 3 other IgG1-mAbs 43 to identify the domain that unfolds at lower temperatures. Differences in the DSC thermograms of various Fabs of mAbs arise from the differences in their variable domains, and the mAb used in this study has less stable variable domain compared to the other mAbs. This observation explains why polysorbates affect predominantly the Fab region compared to the Fc region in the mAb studied here. Impact of polysorbates on the global and local stabilities of mAb, Fab, and Fc regions was also probed. Both near-UV CD (Fig. 3e) and DSC (Figs. 7c-7e) showed no significant changes in the global unfolding, whereas near-UV CD (Fig. 3e) indicated the unfolding of local structural regions occurring at lower temperatures before the entire mAb unfolds at higher temperatures, as evident from the appearance of sloped native baselines with the addition of polysorbates (Fig. 3e) .
It was further examined how the conformational stability of the Fab and Fc determines their aggregation behavior. Despite having lower stability, Fab aggregates lesser compared to Fc (Fig. 8a) . By probing the effect of pH on the conformational stability and aggregation (Figs. 8d-8f) , colloidal stability seems to play a major role in mAb aggregation. Fab is less stable at pH 5.8, but aggregates less compared to that at pH 8. These results further indicate that the variations in conformational stability (controlled by intramolecular interactions) and colloidal stability (controlled by intermolecular interactions) of a protein may not be identical under different solution conditions. Similar results have been observed in 2 other published studies. In the first study on the aggregation behavior of 10 different IgG1 antibodies, 49 there was no absolute trend between the conformational stability and aggregation of the IgG1 molecules, implying that colloidal stability plays a major role in IgG1 aggregation. In the second study, 50 changing the solution pH from 6.5 to 4.5 reduced the thermal stability of IgG1; however, less protein aggregation was observed at pH 4.5, because of the increased colloidal stability of the protein. Decreasing pH to acidic values increases the net charge on the protein surface leading to increased repulsive interactions between individual protein molecules, thus leading to an increase in the colloidal stability of the protein.
Although polysorbates protect proteins against interfaceinduced aggregation, they do not always lead to conformational stabilization of proteins. In the case of mAb studied here, loss in NMR crosspeak volumes was observed for Fab upon the addition of polysorbates. Normally, this type of peak volume loss is attributed to protein aggregation. However, no protein aggregation was observed in our case. Other plausible explanation underlying peak volume loss can be the presence of transient attractive intermolecular protein interactions in NMR samples. Although no significant changes were observed in the global conformational stability of mAb and its Fab and Fc fragments upon the addition of polysorbates, conformational destabilization of proteins by polysorbates have been observed in other proteins. [68] [69] [70] [71] For example, PS20 has been shown to reduce the thermodynamic stability of human interferon-g and darbepoetin. 24, 69 Contrary evidence also exists where polysorbates can stabilize proteins. In the case of albutropin, PS20 and PS80 shifted the chemical denaturation melts to higher denaturant concentration, which resulted in increased thermodynamic stability of albutropin. 62, 69 In addition, polysorbates have been proposed to have dual effects on the stability and aggregation of proteins depending on the nature of protein and the aggregation conditions. 70 Therefore, polysorbates protecting proteins against interface-induced aggregation and the effect of polysorbates on the conformational stability of proteins can be 2 independent phenomena. In protein formulations, polysorbates are used at a concentration where benefits of adding polysorbates to compete with proteins for interfaces outweigh the possible disadvantages involving protein conformational changes. In summary, our study for the first time probed the detailed nature of molecular interactions between the polysorbates and mAbs using high-resolution techniques such as 2D NMR. Published accounts of the application of 2D NMR techniques to study antibodies are only 2 years old, 33, 67, 72 and this study for the first time show the power of simple 2D NMR techniques in probing how excipients in therapeutic formulations interact with mAbs. Future availability of NMR peak assignments for mAbs, similar to the recently solved backbone assignments for Fc, 73 will further help in pinpointing the observed structural and dynamics changes to specific local regions in mAbs. In addition to showing the applicability of 2D NMR methods to study polysorbate-mAb interactions, our experimental data presented here indicate that PS80 will be the preferred choice over PS20 in formulating this mAb, because PS80 offers higher protection against aggregation, causes lesser structural perturbations, and has weaker binding affinity with fewer binding sites compared to PS20. 
